The research aims to study the different flexible rubber tube diffusers used in urban wastewater treatment processes and aquaculture systems. The experiment was conducted in small-scale aeration tank with different physical properties of the tubes that were used as aerators. The volumetric mass transfer coefficient (k L a), oxygen transfer efficiency (OTE) and aeration efficiency (AE) were measured and determined to compare the diffusers. Moreover, the bubble hydrodynamic parameters were analyzed in terms of bubble diameter (d B ) and rising velocity (U B ) by a high speed camera (2,000 frames/s). Then the interfacial area (a) and liquid-side mass transfer coefficient (k L ) can be calculated. The physical properties (tube wall thickness, tensile strength, orifice size, hardness and elongation) have been proven to be the key factor that controls the performance (k L a and OTE). The effects of hardness and elongation on bubble formation, orifice size and a-area were clearly proved. It is not necessary to generate too much fine bubbles to increase the a-area: this relates to high power consumption and the decrease of the k L . Finally, the wall thickness, elongation and hardness associated of the flexible tube diffuser (tube No. 12) were concluded, to be the suitable properties for practically producing, in this research.
Introduction
In urban wastewater treatment, the aeration of biological process is essential to micro-organism metabolism, and also to the degradation of the organic water pollution. The various types of aeration system are also applied into the aquaculture system in order to control and improve the overall productivity. The gas can be released in the form of small bubbles to yield a large surface for mass transfer. Fine-pore diffusers are always used in the aeration process due to its high oxygen transfer efficiency and energy performance comparing to the other aerator types.
However, fine-pore diffusers once installed also tend to lose their initial performance due to the fouling and clogging by the bio-film and small particles. The fouling effects on the oxygen transfer efficiency decrease, and requires more operational pressure that decrease their energy performance [1] . Several works have been carried out on the membrane diffuser characterization (physical properties) and on the bubbles generated at the flexible orifice [2] [3] . Pisut et al. [4] have projected the method for comparing several membranes and for evaluating their oxygen transfer performances.
Nowadays, many types of wastes have been recycling in order to incorporate with the waste management hierarchy. There is growing concern about the large amount of rubber uses (around 3.7 million tons/year), to avoid a large volume of the rubber waste going to the disposal. According to its cross linked structure and presence of stabilizers and other additives, the rubber waste needs very long time for natural degradation, therefore the source reduction, reuse and recycle are preferred more than the landfill disposal [5] . Conversion the rubber waste into the tube diffuser might be an alternative solution for this rubber waste situation. The rubber waste, especially the vehicle tires have been cutting to reduce the size, melting and shaping to produce rubber seeds. After that the recycled rubber seeds have been melted and casted into cylindrical tube for applying in aeration process.
Considering to the flexible tube properties, its porous tube wall can produce fine bubble uniformly, leading to a large interfacial area and accelerate oxygen transfer rate. The tube can be installed and arranged easily in the several surfaces by its flexibility. While the tube shape receives shear force and sweeping effect from the generated bubbles at the top, side, and bottom during the aeration. This effect of the shear force can decrease the accumulation of foulants on the tube diffuser and enlarge the lifetime [6] . Therefore the clogging and scaling problems, which are prohibited by the operation itself, can be considered as an advantage of the flexible tube diffuser.
However, there is no precise methods are available for designing and optimizing the produced flexible aeration diffuser tube, as well as, for evaluating the performances. Moreover, the effect of different installation patterns and prediction model should be well analyzed in order to propose the suitable design criteria and operating guideline for scaling-up into the actual system.
To fill this gap, the objective of this research is to study the different flexible aeration tube diffuser used in urban wastewater treatment and aquaculture system. The following analysis techniques are proposed:
• Determination of volumetric mass transfer coefficient (k L a) and oxygen transfer efficiency (OTE)
• Characterization of physical flexible aeration tube diffuser properties (tube wall thickness, tensile strength, orifice size, hardness and elongation)
• Characterization of the bubble hydrodynamic parameters (bubble diameter, bubble formation frequency and their rising velocity).
• Evaluation of the interfacial area (a) and the liquid-side mass transfer coefficient (k L ) to compare the diffuser performances. 
Materials and Methods

Mass Transfer Coefficients And Bubble Hydrodynamic Parameters
In this work, the volumetric mass (oxygen) transfer coefficients (k L a) were measured by the 
Where C S , C t , and C 0 are DO in liquid phase in equilibrium (or saturated DO), DO at aeration time, and the initial DO respectively, and t is an aeration time. After that, the OTE can be calculated by Eq.
Where V is aerated water volume, ρ G and Q G are the introduced air density and the air flow rate, respectively. Moreover, the energy performance of the diffusers can be evaluated by aeration efficiency (AE), which relates to power consumption (P G ), as presented by Eq. (4) and Eq. (5) [4] :
Where ρ L is liquid density, g is acceleration due to gravity, H L is liquid height, and ∆P is head loss through the diffuser. Considering to the bubble hydrodynamic parameters, the bubble diameter (d B ) and bubble rising velocity (U B ) were experimentally obtained by image analysis system using high speed camera, and then two parameters can be estimated by Eq. (6) and Eq.
(7), respectively [4] .
Where l B and h B are the bubble length and bubble height respectively. Then, Sauter diameter (d 32 ) is presented to express as the bubble size [7] . ∆D is the bubble spatial displacement between t = 0 and t = T Frame , which is 2,000 frames/s of high speed camera in this research. Then, the interfacial area can be expressed as Eq. (8) 
Where N B is the generated bubble number, S B is the surface area for a bubble, and V Total is the total volume, which consists of water and the generated bubbles within the aeration tank.
When the equation is rearranged, f B is the bubble formation frequency, H L is the liquid height, π is the ratio of circle diameter to its circumference (3.414), V B is the volume for one bubble and A is cross-sectional area of the aeration tank. After the values of a-area were estimated, the liquid- 4, it cannot be operated with 2 and 4 L/min of the air flow rate because it required too high of operational pressure that was over range of air pump and pressure gauge (over than 31 psi at 2 L/min of air flow rate). Even the air pump was fully turned on, but it can be operated just only 2 L/min. According to the over range of the operational pressure, the experiments for the tube No.
4 had to be stopped due to the safety concern. better understanding on the oxygen transfer performance from different gas diffusers, the related physical characteristics of different flexible aeration diffuser tubes used in this research will be well studied and presented in the next section. According to Table 2 , it can be observed that the increase of tube wall thickness can increase the k L a coefficients: more non-uniform porous section presence in diffuser is probably related to the bubble generation phenomena (size and distribution). Moreover, the tube wall thickness can affect directly on the operational pressure (P), power consumption (P G ), and thus the aeration efficiency (AE). The very high tensile strength and elongation obtained with several diffusers (No. 5, 13, and 16), should relate to elasticity behavior of diffuser tube in this study.
Physical Characteristic of Flexible Aeration Diffuser Tube
These parameters increases the operational pressure due to the elasticity (P 0 ) that cause the friction on orifice opening mechanism for bubble generation, and thus the operational pressure measured experimentally as shown in Figure 4 . According to Figure 5 , it can be observed that high amount of porous presence on the tube wall (a): this can serve as the diffuser orifice for bubble generation. Moreover, non-uniform porous and channeling were found in the tube section (b). The average orifice diameter was equal to 0.19 mm and independent to the gas flow rate (1 -4 L/min): the characteristic of tube hardness should be responsible for these results. In next section, the bubble hydrodynamic parameters (bubble size, bubble formation frequency and their rising velocity) will be determined, as well as, the interfacial area (a) in order to describe the oxygen transfer mechanism related to the generated bubbles from different flexible aeration diffuser tubes and to confirm the selection of suitable gas diffuser. As shown in table 3, the generated bubble size was roughly constant for whatever the air flow rate: these results relate to the rigid orifice behavior: the bubble size was controlled by the fixed Table 2 . This can be explained that the increase in the bubble diameter with the elasticity is characteristic of flexible membrane sparger [2] . This is caused by the fact that with higher elasticity, a larger hole (orifice) in the material can bulge and yield the higher bubble size. However, at higher gas flow rate, the bubble ). Therefore, it can be concluded that the bubble hydrodynamic parameters (d B , U B , and f B ) should be related and cause the difference in values. It appears from this study, that it is not necessary to generate too much fine bubbles to increase mass transfer capacities. In fact, the increase of interfacial area obtained by the generation of fine bubbles (high power consumption) can be dropped by the great decrease of the k L coefficient. A balancing point should be between a small bubble diameter (i.e. a high interfacial area) and a high k L coefficient. The physical characteristic parameters (tube wall thickness, tensile strength, tube hardness and elongation) should be considered as the key factor for controlling the power consumption, operating cost, bubble hydrodynamic parameters and thus oxygen transfer efficiency of the flexible aeration diffuser tube.
Bubble Hydrodynamic
Installation Test in Pilot-Scale Experiment
After the flexible tube No. 12 was presented as the best tube with the optimum physical properties, the pilot-scale experiment was set up in 2,000 L of aeration tank to validate its performance and find out the best installation pattern. of the installation patterns can lead the completely mixed flow in the aeration tank which it was expected for the oxygen transfer and distribution during the aeration process by using the flexible tube as a diffused aerator.
Theoretical Prediction Model for Oxygen Transfer Parameters
According to Painmanakul et al. 2009 [13] who proposed the suitable theoretical prediction model for predicting the bubble hydrodynamic and mass transfer parameters by predicting the k L coefficient and interfacial area. Then the k L a can be obtained as a product of the two parameters, by following equations,
After the prediction models were validated together with correction factors, it was found that the predicted results were closed to the experimental results with the error less than 30% even in the pilot-scale, as shown in figure 10 . Then, these prediction methods can be applied in order to predict the k L a coefficient as a primary data for aeration process design. However, it should be studied for further in the real aerated water and large scale of the aeration tank, to improve the predictable accuracies.
Moreover, the various types of aerator and operating conditions should be applied for validating the proposed k L a prediction method.
Conclusions
• This study has shown that the physical diffuser tube properties play the important role on the power consumption, operating cost, bubble hydrodynamic parameters and thus oxygen transfer efficiency. The related results have shown that:
• The volumetric mass transfer coefficient increases with the gas flow rates whatever the gas • The aeration efficiency (AE) should be considered in order to compare the different gas diffusers and select the suitable design and production;
• The physical diffuser properties (tube wall thickness, tensile strength, orifice size, hardness and elongation) have been proven to be the key factor that controls the oxygen transfer performance;
• The effects of physical diffuser properties (tube hardness and elongation) on the bubble formation phenomenon, orifice size and the interfacial area were clearly proved;
• It is not necessary to generate too much fine bubbles to increase the interfacial area: this relates to high power consumption and the great decrease of the k L coefficient.
• Due to the values of k L a, OTE, a and k L obtained in this study, the physical diffuser properties associated with the tube No. 12 should be applied in order to produce the practical flexible aeration diffuser tube. In the future, the effect of different contaminants presence in liquid phase should be analyzed.
The theoretical prediction models should be proposed for the bubble hydrodynamic and mass transfer parameters prediction, in the real aerated water and large scale of the aeration tank.
Moreover, it is evident that the results observed in our small bubble column volume have to be validated into a tall bubble column and at higher superficial velocities.
